In the development of a wearable robot for locomotion, fall prevention is an important problem. In this study, we propose a fall prevention control of a wearable robot using ground reaction force sensors which measure 3-axis ground reaction force and position of center of pressure. We conducted a measurement experiment to evaluate user's compensation for backward instability during walking with a wearable robot. The results suggest that the proposed control is effective to reduce voluntary effort to avoid backward balance loss.
Introduction
Leg motor paralyses result in considerable influences in activities of daily living. Several researches have attempted to develop wearable walking robots for people with leg paralyses. The most of the researches have proposed systems of man-machine interface to detect user's intention and to operate the system. However, a detection error of the interface and an operation error of user must be unavoidable, and it would induce a falling down. Although a falling down is one of the most considerable problems during walking with a wearable robot, few studies have approached the fall prevention. Furthermore, a backward balance loss is more serious risk factor in walking with a wearable robot because the user could not avoid backward falling with balancing aids such as a walker or crutches. An instance of toe-off of walking is important for avoiding backward falling because the posterior limit of base of support is dramatically changed at toe-off.
Our research group has developed a wearable robot WPAL (Wearable Power Assist Locomotor) which assists walking, sit-to-stand, and stand-to-sit movements of paraplegics [1] . As shown in Fig. 1(a) , actuators are attached on ankle, knee, and hip joints of both legs. In this study, we address a fall prevention system of WPAL. Ground reaction force sensors (GRF sensors) for WPAL have been developed to obtain foot contact information and to measure zero moment point (ZMP) [2] which is a stability index of legged mechanisms. We propose a control method to prevent backward falling based on ZMP. We examined the effectiveness of proposed method by measurement experiments of walking with WPAL. Fig. 1(b) shows a GRF sensor attached on the sole of WPAL. 3-axis force sensors (USL06-H5-500N, Tec Gihan) were placed between upper and lower plates at corners. The thickness of the GRF sensor was 15 mm. The amplifiers and low-pass filters for sensor signal were attached at lower thigh of the wearable robot.
Fall prevention system

Ground reaction force sensors
Measurement experiments were performed to obtain calibration matrices for ground reaction force (F x , F y , F z ) and center of pressure (x cop , y cop ) and to examine the accuracy of measured data. The reference data of the ground reaction force and the center of pressure were obtained by a force plate (9286B, Kistler Co., Ltd.). The sensor signals and the reference data were simultaneously measured at 100 Hz. The origin of the center of pressure was the ankle position projected to a plane of the sensor. The calibration matrices were calculated by evaluated. In addition, the ground reaction force and the center of pressure during walking with WPAL were examined. Fig. 2 (a) shows the results of regression analysis of vertical ground reaction force F z . Determination coefficient R 2 was 0.99, and the slope and intercept of regression line is approximately 1 and 0, respectively. The measured data were accurate for vertical force around 600 N which is about the average of body weight of adult male. Table 1 summarizes the results of regression analysis. The results show the accuracy of measurement by the GRF sensor. Fig. 2(b) shows vertical ground reaction force during walking with WPAL. The red and blue lines denote the ground reaction force acting on left and right sensors, respectively. We can confirm that the vertical force acting on left and right foot was changed according to the exchange of stance leg during double support phase. During the left swing phase, the vertical force of left foot is 0 N and the force of right foot is approximately 700 N which is the body weight of the user. In addition, we confirmed that the measured center of pressure also showed reasonable profiles. 
Fall prevention control
In the previous control system of WPAL, offline gait pattern was automatically performed [3] . Even though a backward balance loss is induced during walking, the robot continues the same gait pattern. A control during double support phase is important for prevention of falling because backward margin of the base of support instantaneously changes at the beginning of the swing movement. To improve the problem, we develop a control method during double support phase which consists of a swing trigger based on ZMP stability [2] and assistance of body progression. Fig. 3 shows the sequence of our control method. After a heel strike of swing leg, a body progression movement is performed. Satisfying the ZMP stability condition, a swing movement is induced.
ZMP can be calculated by the vertical ground reaction force F z and center of pressure (x cop and y cop ) measured by the GRF sensors as follows. 
where, x zmp and y zmp are ZMP position of right and anterior direction, respectively. Upper subscripts 'l' denotes the leading leg (the stance leg in the subsequent step), and 't' denotes the trailing leg (the swing leg in the subsequent
Assisting body progression
Satisfying ZMP stability condition . Δx step and Δy step were the ankle position of the trailing leg related to the ankle of the leading leg. When the ZMP locate posterior to the leading foot area, a backward falling would occur at toe off. The risk of backward falling can be reduced by initiating swing movement when the ZMP moves within the leading foot area. A swing movement is triggered by a detection that ZMP moves into area of the leading foot.
In the swing trigger system, a user must progress his body so that the ZMP locates inside of the stable area. To reduce the voluntary effort for body progression, we modified the previous method of gait pattern generation [2] so that the hip position moves forward during double support phase. The trajectory of hip position during double support phase was determined by minimum jerk model as follows [4] . 
Evaluation experiments
3.1.
e in the proposed method was variable according to the ZMP mov integrated EMGs during a cycle normalized by the gait period were evaluated.
3.2.
calculated by inverse kinematics equations. Fig. 4 shows stick pictures of the previous method (a) and proposed method (b). Comparing with the previous method in double support phase (red stick pictures), the stance knee joint m
Method
Measurement experiments were carried out for the walking with the proposed method and the previous method. In the previous method, the robot automatically performed the offline gait pattern. The stride length in the gait pattern generation was 0.5 m in each condition. In the previous method, durations of the swing phase and double support phase were 1.5 s. In the proposed method, the duration of the swing phase and movement time of body progression were also 1.5 s. It should be noted that the duration of double support phas ement. Two normal subjects participated in the experiments. They wore WPAL and walked on a level ground using a walker. We examined the compensatory movement due to the backward instability from kinematics and muscle activities. Trunk inclination angle, which is a primal factor of ZMP movement, was measured by a 3-dimensional position measurement device (Optotrak Certus, Northern Digital Inc.). Surface EMG signals of triceps brachii and latissimus dorsi, which contribute body progression using a walker, were measured by a bio-signal measurement device (MQ8, Mark Medical Inc.). The EMG signals were full-wave rectified and low-pass filtered at 10 Hz. The maximum angle of trunk inclination and the Fig. 5(a) shows the ZMP trajectory during walking using our control system. Red and blue lines show the trajectories during right and left stance, respectively. The phases transferred when the ZMP moved into the foot support area of the stance leg. The rapid movements of the ZMP resulted from rapid increase of the vertical force at heel strike. We can confirm that the ZMP move forward after heel strike. Fig. 5 (b) shows a profile of the trunk inclination angle. The peaks of the angle were found around the phase transitions from double support phase to swing phase. Fig. 5(c) shows a profile of EMG of the triceps Pul that the voluntary effort against a backward balance loss reduced using our fall ethod.
Results
Pul that the voluntary effort against a backward balance loss reduced using our fall ethod. 
DISCUSSION
In this study, we have developed the fall prevention control of the wearable robot using the GRF sensors. We demonstrated by linear regression analyses that the data of ground reaction force and center of pressure measured by the
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